Introduction
Intrahepatic cholangiocarcinoma (iCCA) is an extremely lethal cancer with limited therapeutic options; therefore, novel approaches to early detection and treatment are desperately needed. 1 Key to this is the development of models that accurately recapitulate critical aspects of human iCCA to both better understand the underlying biology of the disease and provide systems in which new therapeutic strategies can be explored. Furthermore, iCCA is a genetically diverse cancer, and designing flexible models that can readily be adapted to reflect this genetic complexity is of paramount importance.
In this review, we discuss the various strategies that have been employed to model iCCA. Throughout, we highlight important biological insights made possible by the specific models and also discuss related therapeutic implications. In deciding how to best utilize these models and how to approach the development of new models, there are a number of important considerations, which are outlined in Box 1. Balancing these often requires a combination of complementary approaches, which is evident in the crossover of technologies in some of the sections of this review. To date, Cre-Loxbased genetically engineered mouse models (GEMMs) have proven to be an invaluable resource for studying iCCA, and therefore, we devote significant space to describing their utility and contributions. We further discuss novel approaches that have been applied to modeling iCCA using non-germline-based technologies. Finally, we focus on recent developments that rely on patient-derived tumor tissue, patient-derived tumor
Chemical and surgical models
Historically, rodent models of liver carcinogenesis have heavily relied upon administering exogenous toxic agents that induce injury and/or carcinogenesis, in part due to the liver conveniently being the central organ for toxin metabolism. In addition to being extremely practical immunocompetent in vivo models, these agents can also recapitulate features of premalignant and malignant disease, which may not accompany other models that depend strictly on genetic perturbations, such as ductular reactions or fibrosis. A wide array of liver injury agents exist. 2, 3 Those that have been utilized to study cholangiocarcinoma (CCA) in particular are listed in Table 1 . Briefly, the nitrosamines, diethylnitrosamine and dimethylnitrosamine, and thioacetamide (TAA) have both been used as carcinogens, as they can reliably lead to cancer without additional agents or engineered mutations. 13, [16] [17] [18] It is important to note that hepatocellular carcinoma (HCC) may be the dominant tumor type arising in carcinogenic models. Most often, an additional oncogenic event, such as liver fluke infection or biliary-specific deletion of a tumor suppressor, is needed to promote iCCA development. 17, 18 Although such extreme carcinogenic injury is not frequently recognized epidemiologically among human iCCA, tumors arising in this context are likely more genetically diverse and, therefore, can be useful for study when the genetic context is of minimal importance. Carbon tetrachloride (CCl 4 ), a less severe agent, induces liver fibrosis and cirrhosis, relevant features of human CCA, and, in a Tp53-null setting, promotes iCCA development. 19 Finally, bile duct ligation (BDL) and 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) are used to induce cholestatic injury and ductular reactions, a common feature of liver fluke infections and early iCCA development. 13, [20] [21] [22] When deciding which chemical agents to use, one must consider both the context in which the toxin is to be used and which aspects of injury are most important for the study. For example, if a defined genetic context is desired, a carcinogenic injury model that has an unpredictable genetic progression should be discouraged. In other studies, groups may want to induce a specific feature of liver injury experiment assessing the impact of  ductular reactions on iCCA development, a flexible dietary  model like DDC may be preferable to a surgical model BDL, which is more suitable for short-term experiments. These various models continue to play a key role in the study of liver-related malignancies, and in particular, integrating them with other advanced genetic tools, as addressed in the following sections, has shed much light on the development and biology of iCCA.
Cre-Lox-based models
Conditional GEMMs that utilize Cre-Lox technology have been one of the most powerful tools available to understand the development and progression of cancer. 23 In this review, we outline how this technology has been utilized to study the liver and liver-related malignancies and highlight a number of important considerations ( 37 Tissue specificity and temporal control can be achieved with this system by placing the Cre under the control of a cell-or tissue-specific promoter, thereby generating LoxP site recombination exclusively in that lineage ( Figure 1 ). Alternatively, viruses that have tissue-specific tropisms can be used to deliver Cre-recombinase. Adeno-associated virus 8 (AAV8) is a notable example that has a hepatocyte-specific tropism and is therefore frequently used to target hepatocytes while excluding biliary epithelial cells (BECs). 38 In addition, the Cre ERT system, a fusion of Cre and the tamoxifen-inducible domain of the estrogen receptor (ER), enables spatiotemporal control, which has been crucial for the generation of BEC-specific Cre alleles and manipulating genes in the adult mouse that would otherwise be necessary for normal development. 21, 39 Further specificity can be achieved with tetracycline (Tet) expression systems that come in two forms, Tet-on or Tet-off, depending on whether promoter function is enabled or disabled by exogenous Tet administration. Both systems require the addition of either a tTA or rtTA allele, respectively. A significant advantage to using a Tet expression system is that induction via Tet is reversible (unlike Cre ERT ), and combining this system with Cre-Lox technology through addition of an LSL between the promoter and start codon of the Tet-controlled transactivator can enable tissue specificity as well. One such example is the Tet-IDH2 allele that when combined with Rosa26 LSL-rtTA and Alb-Cre restricts Tet-inducible expression of mutant IDH1 to the liver. 20 Another useful tool that can be combined with Cre-Lox is the flippase (FLP)-recombinase target (FRT) system, which functions analogously: an FLP recombinase excises DNA between two FRT sequences. It has been employed in the liver in combination with Cre-Lox to enable highly specific labeling of SOX9-positive hepatocytes, a unique compartment with potential to regenerate hepatocytes and BECs following injury. 40 Thus, these systems, which allow for broad or specific manipulation of organs and cell types, are essential tools for modeling the various aspects of the human disease in mice.
There are several important considerations that investigators should bear in mind in applying these mutagenesis strategies. When using a Cre that is active in the liver progenitor population, such as the Alb-Cre allele, both liver cell types will be affected, limiting conclusions that can be drawn about the cell of origin. In addition, when using Cre ERT systems, the timing of tamoxifen administration may be critical. Alb-Cre ERT , for example, can label a small proportion of BECs, potentially confounding lineage tracing and cell of origin experiments. 40, 41 Also, all of the listed BEC-specific Cre drivers label epithelial cells across multiple organs including the lung, pancreas, and colon; in the absence of additional liver-specific oncogenic challenges, these experimental animals often develop tumors outside of the liver. 41 Nevertheless, significant advancements have been made in iCCA biology using the Cre-Lox system. In this review, we discuss more specifically how Cre-Lox-based GEMMs have advanced our understanding regarding three related topics: the cell of origin, the function of common mutations, and processes important for tumor development and maintenance. 
Cell of origin
Although the BEC has historically been the assumed cell of origin for iCCA, several observations suggest a more complex origin, including the existence of mixed HCC-iCCA tumors, an association with chronic hepatocellular injury, and the recently recognized capacity for hepatocytes to transdifferentiate into BECs. 1, 42 To test the possibility that hepatocytes can be the cell of origin for iCCA, one experiment lineage Models of intrahepatic cholangiocarcinoma traced the hepatocyte compartment with an AAV8-Ttr-Cre and a Rosa26 LSL-YFP reporter. 43 Using sleeping beauty (SB) transposase (to be discussed) to express AKT and a constitutively active Notch1 intracellular domain (NICD) in the liver, iCCAs developed that expressed the YFP marker, indicating a hepatocyte origin. In another experiment, hepatocytes and BECs were lineage traced using the Alb-Cre ERT and Krt19-Cre ERT , respectively, with the Rosa26 LSL-lacZ reporter. 16 Following iCCA induction via the carcinogen TAA, iCCAs with β-gal activity were present only in the Alb-Cre ERT cohort, similarly illustrating hepatocytes as a possible cell of origin.
On the other hand, when Krt19-Cre ERT is used to delete Tp53 and label BECs, thereby predisposing BECs to oncogenesis, it was demonstrated that TAA administration induces iCCA that is of biliary origin. 17 Finally, in another key experiment demonstrating BECs as a cell of origin, induction of Kras and Pten mutations in BECs via Krt19-Cre ERT promoted iCCA development. 41 Notably, mice in the latter experiment also exhibited significant extrahepatic tumor burden, illustrating a critical limitation of alleles such as Krt19-Cre ERT and Hnf1b-Cre ERT that are active in extrahepatic epithelial compartments as well. Altogether, the current evidence supports the notion that both hepatocytes and BECs can be a cell of origin in iCCA depending on the context (Figure 2 ). Understanding distinguishing biological features of BEC-derived and hepatocyte-derived iCCAs may prove to be relevant in the development of future therapeutic strategies.
Function of common mutations
In recent large-scale sequencing studies, the genetic landscape of iCCA has come into view. In non-liver fluke-related iCCA, the most common mutations are in IDH1/2 (22%), BAP1 (22%), TP53 (7%), KRAS (7%), and ARID1A (7%). Liver fluke-related iCCA, on the other hand, is distinguished by mutations in TP53 (45%), KRAS (19%), SMAD4 (16%), ARID1A (12%), and KMT2C (11%). 44, 45 Cre-Lox-based
GEMMs have proven useful in discerning the functions of some of these mutations in iCCA. To explore the function of IDH1/2 mutations in iCCA, Alb-Cre was utilized to enable Tet-inducible expression of oncogenic IDH1/2 mutations in the liver, demonstrating that mutant IDH1/2 function to inhibit hepatocyte differentiation via epigenetic silencing of the major regulator of hepatocyte identity, Hnf4a, a key driver of hepatocyte differentiation. 20 In a similar theme of mutations that impact cellular differentiation, Tp53 deletion in an Alfp-Cre-driven model leads to poorly differentiated liver tumors that have high expression of the stem cell marker Nestin and can be further directed toward a hepatocellular or biliary fate with additional lineage-specific mutations. Thus, Tp53 is an important suppressor of liver cell plasticity. 46 Finally, Alb-Credriven Kras G12D expression and Tp53 deletion was shown to promote development of iCCAs that depend on autophagy, an important downstream process in many Kras-driven tumors. 47 Despite significant progress in the past decade, much remains to be explored regarding the roles of these and many other oncogenic mutations found in iCCA.
Critical processes for tumor development and maintenance
Cre-Lox-based GEMMs are an essential tool to study and model the development of cancer in ways that accurately recapitulate the natural disease progression and tumor microenvironment. In addition to studying the importance of downstream pathways using genetic strategies, these models provide the opportunity to test potential therapeutic interventions in a relevant in vivo setting. In this regard, one group showed that iCCA in the Krt19-Cre ERT ;Tp53 f/f TAA model, a rat TAA model, and xenograft models are all sensitive to Hill et al both macrophage-inhibiting therapies and Wnt-inhibiting therapies. 48 The same research group again employed the Krt19-Cre ERT ;Tp53 f/f TAA and rat TAA models to demonstrate that the Notch pathway may be an additional therapeutic target. 49 One strategy put the mouse model on a Notch3 null genetic background, finding that there is comparably minimal tumor development in this setting. Furthermore, pharmacologic inhibition of Notch signaling in the rat model similarly reduced tumor formation. These results suggest that further development of strategies to target these processes may be worthwhile. Finally, although not illustrated in the aforementioned examples, another clear advantage to GEMMs is the presence of an intact immune system. This important feature has been exploited in GEMMs of other malignancies such as pancreatic cancer to test T-cell-directed immunotherapies such as promising anti-PD-1/PD-L1 therapies. 50
Novel Cre-Lox tools
Despite the many advantages offered by the Cre-Lox-based GEMMs described earlier, the newly discovered breadth of mutations in this disease and the need to rapidly evaluate different combinations of mutations warrant the development of more efficient modeling strategies. To address this need, there have been a number of recent efforts to generate nongermline Cre-Lox models. One approach involves the culture of embryonic hepatoblasts from Alb-Cre Kras LSL-G12D Tp53 LSL-R172H mice, which can then be orthotopically transplanted into a syngeneic host to generate iCCA within several months. 51 These mutant hepatoblasts can be further manipulated to validate other oncogenic drivers and evaluate their potential as a therapeutic target. For example, to determine the impact of a newly identified fusion gene , FIG-ROS1, A similar strategy could express shRNAs to determine the impact of knocking down putative tumor suppressors or putative tumor-promoting genes. In addition to the improved flexibility and ease of generation in comparison to traditional GEMMs, this approach has the additional advantage of not generating mutations throughout the entire organ, thus maintaining an environment that consists of cells not genetically predisposed to cancer, more akin to human tumors. Another promising strategy has been developed to study pancreatic cancer and represents a system that could be adapted to study liver malignancies as well. 52 Embryonic stem cells (ESCs) were established that contain a pancreas-specific driver (Pdx-Cre or p48-Cre) and the Kras LSL-G12D allele. In addition to these features, the cells harbor a "recombinasemediated cassette exchange" strategy for rapid exchange of Tet-inducible shRNA-or cDNA-expressing constructs accompanied by a fluorescent reporter and a Cre-dependent Tet-transactivator accompanied by a different fluorescent reporter. The ESCs can be manipulated in vitro to introduce the shRNA/cDNAs of interest and subsequently used to generate chimeric mice for study. This flexible technology enables a variety of questions to be asked, illustrated by the following examples. First, by introducing a doxycycline-inducible shRNA-targeting Pten, they demonstrated that knockdown of a tumor suppressor can accelerate Kras-induced tumorigenesis. Furthermore, doxycycline withdrawal, resulting in reexpression of Pten, causes a dramatic decrease in tumor burden and an increase in survival. To determine the role of Myc in pancreatic tumor development, they employed tandem shRNA technology to introduce an shRNA targeting Tp53, which similarly accelerates tumorigenesis, and an shRNA targeting either Myc or a control shRNA. Compared to the control shRNA, tumor development in the Myc knockdown cohort was significantly impaired, confirming a role for Myc in promoting tumor development.
Thus, these technologies maintain many of the advantages of traditional germline GEMMs: the ability to make temporal-and tissue-specific genetic perturbations in an immune-competent environment, thereby generating cancers that closely follow the histopathologic progression of human disease. However, they offer flexible strategies to bypass the extensive breeding required to address similar questions with germline GEMMs.
SB models
Given the limitations associated with Cre-Lox GEMMs, a number of alternative approaches have been developed. The mouse liver is readily accessible via hydrodynamic tail vein injection (HTVI) for delivery of plasmids, but due to the transient nature of traditional expression plasmids, sustained expression of transcripts for oncogenic studies is a challenge. 53 Thus, the SB transposon system has found particular relevance in enabling stable integration of transgenes in the mouse liver ( Table 3 ). The SB transposon is a cut and paste element, which was created based on the inactive Tc1/mariner superfamily of transposons in fish. The transposase recognizes inverted repeat (IR) sequences that flank a DNA sequence, excise that DNA, and insert it at thymine and adenine sites elsewhere in the Models of intrahepatic cholangiocarcinoma genome. The endogenous SB transposon is a single element, where the SB transposase gene is flanked by IR/direct repeat (DR) sequences. In order to use this system experimentally, the SB transposase and IR/DR sequences have been separated where the IR/DR sequences flank the gene of interest and are often introduced as unique vectors.
To drive iCCA development, a number of studies have employed an activated form of Notch signaling in combination with various other perturbations including activation of PI3K signaling, activation of Yap signaling, mutant IDH1 expression, and Tp53 knockdown. 43, 46, 54, 55 Notch-independent models have also been generated, including coactivation of Yap/PI3K signaling and mutant Kras/PI3K signaling. 15, 46, [56] [57] [58] [59] [60] [61] While tail vein injection is believed to largely target hepatocytes, targeting the biliary tract specifically was achieved by injecting plasmids directly into the gallbladder following bile-duct ligation, thereby preventing spillover into the gut. It was further demonstrated that Yap and Akt expression in this setting cooperate to induce iCCA in a small proportion of mice, a phenotype that significantly increased when IL-33 is systemically administered. SB technology has also been adapted for forward genetic mutagenesis screens to identify genes that are critical in regulating liver cancer development. 62, 63 This is achieved using a Cre-Lox-regulated SB transposase and a T2/onc transposon which can lead to expression of an oncogene or inactivation of a tumor suppressor. In an SB mutagenesis screen using livers predisposed to tumor development via expression of dominant negative Tp53 (Tp53 LSL-R270H ), sequencing of the resulting tumors revealed genes that are known HCC drivers such as Egfr and Met, as well as a number of novel genes not previously implicated in cancer. Another experiment used Myc overexpression to predispose the liver to tumorigenesis and a similar SB mutagenesis strategy to identify Ncoa2 as a novel tumor suppressor. Currently, these screens in the liver have focused on HCC; thus, similar approaches remain to be employed in a setting that will lead to iCCA.
CRISPR/Cas9 models
Another especially promising gene-editing tool is the clustered regularly interspaced short palindromic repeats/ CRISPR-associated protein 9 (CRISPR/Cas9) system. 64 Like SB, CRISPR/Cas9 offers an efficient method to introduce oncogene expression, but it has additional flexibility to inactivate genes such as tumor suppressors and repair genes with point mutations. In brief, the Cas9 nuclease is directed to a target sequence via a single-guide RNA (sgRNA), where double-strand breaks are repaired by error-prone nonhomologous end joining (NHEJ), often resulting in insertion/deletions (indels) that can disrupt a locus through introduction of reading frame shifts. Alternatively, investigators can use homology-directed repair (HDR) to create specific mutations through use of a DNA template to guide homologous recombination (HR).
To date, there are three hallmark studies that illustrate various ways in which CRISPR/Cas9 technology can be applied to the murine liver. One group used HTVI to introduce a single vector containing both Cas9 and sgRNAs to target Pten and Tp53. 65 Phenocopying the comparable Cre-Lox model, loss of Pten alone led to up-regulation of AKT, and loss of both Pten and Tp53 resulted in iCCA. Investigators also showed that gain-of-function mutations can be introduced through HDR, paving way for CRISPR/ Cas9 modeling of oncogenic mutations commonly used in GEMMs, such as Kras G12D . Another group, which also sought to disrupt tumor suppressors, attempted to achieve long-term 66 Although very few tumors had stable integration of the CRISPR/Cas9 vectors, this study established an effective strategy to model mutations in large gene sets in the mouse liver, which is particularly advantageous for verifying tumor-causing mutations (ie, driver versus passenger mutations). Finally, CRISPR/Cas9 was used to repair a disease-causing point mutation in the Fah gene, that causes hereditary tyrosinemia type I in mice. 67 Investigators were able to successfully mend the mutation and also demonstrate that the mice regained weight, signifying alleviation of the disease burden. An interesting therapeutic application related to this is the possibility of repairing point mutations important for tumorigenesis. Currently, however, it should be noted that this strategy corrects mutations in a very small proportion of cells, which may be best suited for instances where the repaired cells have a selective growth advantage. Thus, although promising, much improvement is needed regarding the delivery and repair efficiency of this system for it to be applied therapeutically to reverse cancer causing mutations.
Patient-derived models
The utility of studying human cancer cell lines in the culture dish and as xenografts is well established, and they will continue to be critical in understanding the biology of the disease and in developing therapeutic strategies. In this review, we highlight novel approaches that can offer some advantages over these traditional models.
PDTXs
The applications of PDTXs have been rapidly expanding, from studying biological processes to predicting the therapeutic response of patient samples. 68, 69 Unlike cell line xenografts where cultured cell lines are injected into immune-deficient mice, PDTXs are implanted tumor fragments taken from biopsy, maintaining key features of the tumor lost in two-dimensional (2D) culturing such as stroma, architecture, and heterogeneity. Preserving these qualities has allowed for accurate prediction of therapeutic sensitivities in numerous other cancers. [70] [71] [72] Recently, multiple groups demonstrated successful PDTX models of CCA. A KRAS-mutant iCCA model was generated and shown to retain many features of the original tumor, including immunoreactivity and miRNA expression. 73 Another group showed an IDH1-mutant PDTX displayed sensitivity to dasatinib, a multi-tyrosine kinase inhibitor shown to have efficacy on IDH1-mutant iCCA cells in vitro. 74 Similarly, two PDTX models of iCCA were treated with an FGFR inhibitor, and the YAP-driven model displayed significantly reduced growth with treatment, supporting the group's in vitro finding of a feed-forward loop between YAP and FGFR signaling. 61 Some key limitations nevertheless exist for PDTX models. First, there is substantial variability in the success rate for creating PDTXs both among different cancers as well as between laboratories. Relatedly, the tumors that do successfully take in mice likely represent only the highly aggressive tumors. Finally, extensive time is required for the development of PDTXs, up to several months for the establishment of the primary graft, which is an especially important factor if being used to predict therapeutic response of a patient's tumor.
Organoids
A growing interest has developed regarding the utility of "organoid" models, a culture system in which cells are grown in a three-dimensional matrix and organize into epithelial-like structures that resemble the tissue of origin. [75] [76] [77] Although liver cancer models remain to be adapted for this system, organoids have shown promise in a related gastrointestinal malignancy, pancreatic cancer. For example, one group fully characterized organoids derived from both normal, premalignant, and malignant pancreatic tissue from murine and human sources, demonstrating that organoids display morphological features and express markers that reflect the disease stage. Furthermore, orthotopic transplantation of these organoids fully recapitulates the disease spectrum. In addition to more closely resembling the native environment of the cells, a distinct advantage of organoids over 2D culture methods is the ability to retain more heterogeneity under these conditions due to the minimal selective pressure. It is also possible that this system may also more readily support growth of stroma to more closely recapitulate the native environment. Finally, a key advantage is that organoids can be prepared from tissue biopsies with relative ease and within a short time frame, such that therapeutic testing can be evaluated on organoids in parallel with the patient's treatment. These properties suggest that there is significant application for personalized medicine. Thus, it remains to be determined how predictive organoids are for therapeutic responses.
Conclusion
Models of iCCA have progressed significantly over the past decade. Recent genomic advancements have enabled genetic characterization of hepatic malignancies and have fueled the rapid development of sophisticated animal models, from conditional GEMMs to refined somatic gene-editing tools. These advanced systems will enable a more thorough Models of intrahepatic cholangiocarcinoma understanding of the development and progression of the disease and will provide flexible platforms for the evaluation of new treatments in a precise manner.
